A new series of bis(ferrocenylethynyl) complexes 3-7 and a mono(ferrocenylethynyl) complex 8 have been synthesized incorporating conjugated carbocyclic and heterocyclic spacer groups with the ethynyl group facilitating an effective long range intra-molecular interaction. The complexes were characterized by NMR, IR, and UV-vis spectroscopy as well as X-ray crystallography.
Introduction
There is considerable contemporary interest in metal-containing polymers in which metal centers are linked by conjugated moieties, as these have the potential for facile electron transfer between metals; such species are potential molecular wires, with application in the down-scaling of diverse electronic devices. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Ferrocene-based materials have been central to this research, as the complexes are often synthetically robust, show well-defined redox chemistry and readily support mixed-valence systems. [16] [17] [18] [19] [20] [21] [22] In particular, a wide range of ferrocene moieties linked by conjugated spacers such as alkenes, 16, [23] [24] [25] [26] [27] alkynes 28 and /or aromatic rings [29] [30] [31] [32] have been synthesized and their properties reported. We have a long-standing interest in this general area, and in particular the synthesis and characterization of oligomeric platinum [33] [34] [35] [36] and gold [37] [38] [39] [40] species linked by alkynes, as these serve as model systems for long chain polymers. In this paper, we turn our attention to related systems in which ferrocene groups are linked by alkyne / heterocyclic spacers, combining synthesis, crystallography and spectroelectrochemical studies.
Several previous studies have reported alkyne-bridged mixed valence bis-ferrocene complexes 16, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] as well as structural studies of ferrocene groups linked by alkynes and/or oligothiophenes, fluorenes or similar heterocycles. 31, [51] [52] [53] We have synthesized a new series of bis(ferrocenylethynyl) complexes 3-7 and a mono(ferrocenylethynyl) complex 8 incorporating novel heterocyclic spacer groups.
Heterocyclic spacer groups -quinoline and benzothiadiazole -have been utilized for complexes 3 and 4, respectively. These spacers have been fruitfully used as such and in substituted forms for development of sensors, taking advantage of the conjugated framework. [54] [55] [56] [57] [58] [59] [60] Heterocyclic spacers such as phenyl-substituted thieno [3,4-b] pyrazine have shown to be excellent precursors for the production of low band gap conjugated polymers [61] [62] [63] and have been utilized for the synthesis for complexes 5 and 6. Similarly, fused thiophenes show better conjugation than their non-fused analogues 64 and thus are used for the synthesis of complexes 7 and 8. Combining the conjugation properties of the spacers and connecting them to a terminal ferrocene via a rigid rod such as an alkyne should enhance the electronic communication between the two metal centers.
Herein we report the synthesis, characterization and electrochemical studies of the complexes 2-8 along with X-ray crystallographic studies of the complexes 2, 4-6 and 8. The effect of the different spacer groups on the redox property of the ferrocene is investigated by cyclic voltammetry. The signatures of the mono-cationic species formed during the long range intramolecular interaction of the ferrocene units are studied by spectro-electrochemistry and pure spectra for the mono-cations are established with the help of spectral deconvolution. Interaction parameters such as ferrocene-to-ferrocene distance, the separation of the ferrocene reversible potentials, and the features of the inter-valence charge transfer (IVCT) band are discussed. 
Synthesis
Ethynylferrocene 65 (1). Acetylferrocene 2.14 g (10 mmol) and triphenylphosphine 10.48 g (40 mmol) in anhydrous acetonitrile (20 ml) at 0°C under argon atmosphere was added to 3.08 g (20 mmol) of tetrachlormethane in one portion. The mixture was warmed to room temperature.
Stirring was continued for 45 minutes and then 5 ml distilled water was added to the solution.
The mixture was extracted with ether (50 ml x 3), washed with brine and then dried over anhydrous magnesium sulphate (MgSO 4 ). Solvent was evaporated and the residue was dissolved in dichloromethane and filtered through a plug of alumina. 
Crystallography
Single-crystal X-ray diffraction experiments were performed at 150(2) K on either an Oxford Diffraction Gemini A Ultra CCD diffractometer (5, 6, 8) or an Nonius Kappa CCD diffractometer (2, 4) using monochromatic Mo K α radiation (λ=0.71073 Å). For 5, 6, 8, the sample temperature was controlled using an Oxford Diffraction Cryojet apparatus; CrysAlis Pro was used for the collection of frames of data, indexing reflections and determining lattice parameters. For 2, 4 temperature control was made using an Oxford Cryostream device. A multiscan absorption correction was applied in all cases. Structures were solved by direct methods using SHELXS-86 69 and refined by full-matric least-squares on F 2 using SHELX-97. 70 Crystallographic data for all complexes studied can be found in Table 1 . 
Spectro-electrochemistry
Spectro-electrochemistry was performed in a home-built optically transparent thin layer electrolysis (OTTLE) cell by laminating a Ag wire (reference), Pt-Mesh (10 mm x 7.5 mm, working) and Pt-wire (auxiliary). 71 The electrode was used in a 0.1 cm path length quartz UVvis cell. Spectra were recorded with reference to the spectrum of the pure solvent by carrying out an initial baseline correction without any potential applied to the solvent-filled cell. UV-vis spectra were then recorded with compounds dissolved in DCE with [n-Bu 4 N][PF 6 ] at different applied potentials. UV-vis data were obtained at a rate of 600 nm min -1 . For each measurement, the potential of the OTTLE cell was kept at a constant value and the absorbance spectrum of the solution was recorded between 200 nm and 1100nm. Data analysis was based on principle component analysis programmed in MATLAB (version 2010b, Mathwork, Inc.). The equation
was used with X , the experimental spectra matrix at three selected potentials, Ĉ , the concentration coefficients, Ŝ , the pure component spectra, and Ê , the error matrix to be minimised forthe deconvolution into the pure spectra.
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Results and Discussion
Synthesis and spectroscopic characterization
The key starting material for the bis-(ferrocenylethynyl) compounds, ethynylferrocene(1), was prepared in good yield by adaptation of a literature procedure by Luo et al 65 in preference to other reported synthetic methods for this compound 25, 66 . The dibromo/diiodo aromatic/heteroaromatic precursors for 3-7 were prepared as reported previously. The electronic absorption spectra of the complexes 2-8 were recorded in CH 2 Cl 2 ( Table 2) . Each compound displays three sets of absorption bands. Bands with λ max below 400 nm can be attributed to a π -π* transition associated with the organic spacer group. A weak absorption bands at ~450 nm is assigned to Fe II d-d transition, 15b but is overlapped by the strong, broad higher energy peaks ~400 nm arising from π -π* transition associated with the organic spacer group. 
Structural Studies
The structures of 4 -6 and 8 are shown in Figures 1 -4 , respectively, along with selected geometric data. Room temperature data for 2 have been reported previously, 45, 42 but our low temperature data are included in Table 3 In 4, the two alkynes in 2 are further separated by a benzothiadiazole-4,7-diyl spacer, increasing the Fe…Fe separation to 13.4942(5) Å (Fig. 1a) . (Fig. 2c) . Structures of 5 ( Fig. 2) and 6(Fig. 3a) are related to that of 4 but now incorporate a thienopyrazine spacer substituted at the 5,6-positions of the pyrazine ring; in 4 the alkyne is bonded to the six-membered ring while in 5and6 it is bonded to the smaller ring. The fused five- The structure of 8 (Fig. 4a) Overall, there is little variation in the geometric parameters associated with any putative conjugation across these molecules (Table 3) , and, indeed, with similar systems previously reported, 43, 44, 46, 47 save for the fact that data for 2 shows potentially the greatest delocalization of π-electron density between metal centers. This is supported by the IR data, which show a much lower ν(CC) for 2 (2148 cm -1 ) than the other complexes structurally characterized (2184 -2199 cm -1 ).There are differences in the relative orientations (in the solid state) of Fc moieties at either end of the molecule, between those which are anti (2, 5) and those which are orthogonal (4, 6, 8) though in all these latter cases there are significant intermolecular contacts which conceivably cause reorientation of the Fc units to accommodate packing.
Electrochemistry and Spectro-electrochemistry
Cyclic voltammograms for the oxidation of bis-(ferrocenylethynyl) complexes 2-7 and mono(ferrocenylethynyl) complex 8 in dichloroethane (DCE) were recorded as a function of scan rate (20-1000 mVs -1 ) and over a 0 to 1 V potential range. All complexes were reversibly oxidized as expected for mono-or bis-(ferrocenylethynyl) derivatives connected via conjugated spacers 29, 30 (see Figure 5 ). E 1/2 values ranging from 610 mV to 750 mV for the current series (compare for ferrocene E 1/2 = 0.527 V) indicate the electron withdrawing nature of the spacers (see Table 4 ). Two clearly resolved overlapping oxidation waves were observed in case of complex 2 ( Figure 5 (A)) with a separation of ca.
) with the midpoint potential E 1/2 = 0.5(E p,ox + E p,red )]. This indicates a moderately strong electronic interaction between the two Fe atoms, which is not surprising given the shorter Fe-Fe distance (9.597 Å) and good conjugation in this case.
For complexes 3-7 broadened CV peaks without significant splitting of mid-point potentials were observed under similar conditions (see Figure 5 ). This could result from considerably longer FeFe distance i.e. around ~14 Å. Several studies have shown that substantial electronic interaction may still occur in cases where conjugated organic spacers are used to link the metal centers.
Swager reported that redox-matching between the metal and organic components in several transition-metal containing conjugated polymers resulted in enhanced conductivities despite the absence of peak separation in the metal redox waves.
9,77-79 80, 81 showed electron diffusion coefficients greater than those for comparable nonconjugated materials by an order of magnitude. Broad CV peaks similar to those of complexes3-7 have been reported for ferrocenylethynyl poly-ynes and oligo-ynes and the broadening is attributed to the presence of closely spaced redox processes. [82] [83] [84] To investigate the extent of broadening of the CV peaks in complexes 3-7 the CV features were reproduced by digital simulation with Digisim TM (see Figure 5 ). Successful simulations of the main features in experimental CVs showed that the broadening in the CV peaks can be reconciled with the presence of two individual, closely spaced, one-electron processes. Figure 5 documents the agreement between the experimental and the simulated CVs for the bis(ferrocenylethynyl) complexes 2, 3, 5 and 7. The simulation CVs for complexes 4 and 6 (not shown here) had minor additional, and so far unidentified, impurity oxidation peaks. A recent report demonstrated significant electronic communication in bis(ferrocenyl) complexes separated by electron withdrawing spacers and having Fe-Fe distance <8Å. 16 Interestingly, 2, which has the Fe-Fe distance 9.597 Å, and 4, which has the Fe-Fe distance 13.494 Å, still exhibit similar ΔE 1/2 i.e. 105 mV and 110 mV, respectively, which is not too dissimilar compared to values for para-diferrocenylbenzene. 28 The electron withdrawing nature of the spacer could have an impact on the net conjugation effect over-riding the Fe-Fe distance effect in this particular UV-vis spectra were recorded at different applied potentials for complexes 2-8. An initial spectrum was collected in an OTTLE cell without applying any potential and a series of spectra were then collected by gradually changing the applied potential. The spectra collected in the proximity of the E 1/2 I value were used for deconvolution to obtain a pure spectrum of the monocationic species (see experimental). introduced by the spacer system and additional configurational changes in solution could add complexity and limit the applicability of the ΔE 1/2 oscillator strength correlation. Further experimental work, in particular taking into account solvent polarity effects, will be desirable.
Computational studies
IR and structural analysis indicated that complex 2 may potentially have the greatest delocalization of π-electron density between metal centers. The electrochemistry results, Δ E 1/2 = 105 mV for complex 2 comparable to complex 4 (Δ E 1/2 = 110 mV) motivated us to select complexes 2 and 4 to conduct computational studies to get a better insight into the intramolecular interaction processes. We have therefore attempted to model the delocalization between metals computationally using the B3LY 94 hybrid density functional under the Gaussian09 package 95 for complexes 2 and 4. The SDD pseudopotential and associated basis set 96 was used for iron, and the 6-31G(d) 97 basis set was used for all other atoms. Geometry optimisations were performed and frequency calculations were used to confirm that the stationary points were true minima; pictures of the HOMOs for 2 and 4 are given in Figure 7 . For 2 the HOMO shows extensive delocalization across the whole molecule, with contributions of 26 (Fe), 11 (C 5 H 4 ) and 23% (CC-CC) from the contributing fragments. Similarly, the HOMO for 4 (Fig 7, right 
Conclusion
We have successfully established a synthetic protocol for bis(ferrocenylethynyl) complexes 3-7
and mono(ferrocenylethynyl) complex 8 and characterized these complexes using NMR, IR, Mass, UV-vis spectroscopy. Complexes 4-6 and 8 were characterized by X-ray crystallography.
Redox properties of these complexes were investigated using cyclic voltammetry approach and digital simulation revealing two one-electron oxidation processes with difference ranging from 50 to 110 mV. Spectro-electrochemistry performed in an OTTLE cell gave clear indication of formation of mono-cationic species. The appearance of IVCT bands for complexes 2 -4 and 7
further confirms the mono-cationic species. This work is an example of longer range electronic interaction where the Fe-Fe distance is ~14Å and the spacer is electron withdrawing.
Ciomputational studies show there is significant electron delocalization between iron centres in the HOMO of both 2 and 4. It is demonstrated that the conjugated spacer is important in tuning the optical and redox property of the bis-ferrocenylethynyl complexes. The results obtained have important implications for the design and synthesis of the metal-containing conjugated poly-ynes and oligo-ynes.
